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The PA subunit of the influenza virus polymerase has been shown to induce degradation of coexpressed proteins, but its
role in the replication activity of the polymerase is not fully understood. Here, PA proteins derived from several influenza A
viruses were examined at 37 and 33°C for both the level of proteolysis they induced and the efficiency with which they
ensured transcription/replication of a viral-like RNA within a polymerase complex reconstituted in vivo from cloned cDNAs.
Two mutants of A/Victoria/3/75 PA showed a decreased ability to induce proteolysis as compared to the wild-type PA, but
still appeared to be as active as the wild-type protein with respect to the polymerase activity. Furthermore, we observed that
the ability of PR8-PA to induce proteolysis was severely impaired at 33°C as compared to 37°C, while the efficiency with
which the PR8-derived polymerase complex ensured transcription/replication of the viral-like RNA was similar at both
temperatures. Taken together, our observations suggest that the transcription/replication activity of the polymerase of
influenza A viruses is not correlated with the level of proteolysis induced by the PA subunit. © 2001 Academic Press
Key Words: influenza virus; PA protein; replication; proteolysis.
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The genome of influenza A viruses consists of eight
molecules of single-stranded RNA of negative polarity.
The viral RNAs (vRNAs) are associated with the nucleo-
protein (NP) and with the three subunits of the polymer-
ase complex (PB1, PB2, and PA) to form ribonucleopro-
teins (RNPs). Once in the infected cells, the RNPs are
transported to the nucleus, where they undergo tran-
scription and replication (for a review, see Lamb and
Krug, 1996). The initiation of transcription involves a cap-
stealing mechanism, by which 59-capped oligonucleo-
tides derived from cellular mRNA are used as primers
and elongated by the viral polymerase (Bouloy et al.,
1978; Plotch et al., 1981). Termination and polyadenyla-
tion occur at a stretch of five to seven U residues close
to the 59 end of the template (Luo et al., 1991; Poon et al.,
1999). In the replication process, full-length positive-
stranded RNAs complementary to the vRNAs (cRNAs)
are produced, which serve as templates for amplification
of the vRNAs. Initiation of the synthesis of cRNAs and
vRNAs is primer-independent, and antitermination oc-
curs at the poly(U) sequence during the synthesis of the
cRNAs (Hay, 1998). It has been demonstrated that the
three subunits of the polymerase and the NP are the
minimum set of proteins required for both the transcrip-
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244tion and the replication processes (Huang et al., 1990).
The mechanisms involved in the switch from transcrip-
tion to replication remain largely unknown, although the
NP is thought to be involved as an antitermination factor
(Beaton and Krug, 1986), possibly by specific polymer-
ase–NP interactions (Biswas et al., 1998).
The role of the different polymerase subunits in tran-
scription/replication have been only partially elucidated.
The PB1 subunit harbors the RNA-dependent RNA poly-
merase activity required for the synthesis of mRNA as
well as cRNA and vRNA (Biswas and Nayak, 1994; Braam
et al., 1983). Coimmunoprecipitation and two-hybrid ex-
periments have indicated that PB1 interacts with both the
PB2 and the PA subunits, while no direct PB2–PA inter-
action has been detected (Digard et al., 1989; Gonzalez
et al., 1996; Toyoda et al., 1996; Zurcher et al., 1996). The
B2 subunit binds to the 59 cap structure and might be
esponsible for the endonucleolytic cleavage of host cell
RNAs (Blaas et al., 1982; Blok et al., 1996; Braam et al.,
983; Shi et al., 1996, 1995). It is clearly involved in the
nitiation of mRNA transcription, while its requirement for
RNA and vRNA synthesis is controversial (Nakagawa et
l., 1995; Perales and Ortin, 1997). The PA subunit is a
hosphorylated protein (Sanz-Ezquerro et al., 1998). As
uggested by the phenotype of temperature-sensitive
utants, it is involved in vRNA synthesis (reviewed in
ahy, 1983). However, the precise role of the PA protein
s unknown. So far, the only biochemical activity found to
e associated with this protein is the induction of prote-
lysis (Sanz-Ezquerro et al., 1995), and recent data indi-
ate that the PA subunit itself is a serine protease (Hara
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245INFLUENZA REPLICATION AND PA-INDUCED PROTEOLYSISet al., 2000). The aminoterminal one-third of the protein
(residues 1 to 247) has been shown to be sufficient to
induce a generalized degradation of coexpressed pro-
teins when expressed from a cloned cDNA (Sanz-
Ezquerro et al., 1996). In a recent report, Perales et al.
have described mutant PA proteins of the A/Victoria/3/75
strain with a decreased capacity to induce proteolysis,
which seemed to correlate with a decreased ability to
synthesize cRNA (but not mRNA) from a vRNA-like tem-
plate, as compared to wild-type PA (Perales et al., 2000).
This suggested a possible link between the proteolytic
activity of PA and the replication activity of the poly-
merase.
In the present study, we compared the levels of pro-
teolysis induced by PA proteins from several influenza A
viruses, at two different temperatures (37 and 33°C), to
address the question of whether the transcription/repli-
cation activity of the polymerase is dependent on induc-
tion of proteolysis by the PA subunit. We focused on the
PA proteins derived from the A/Victoria/3/75 (VIC) and
A/Puerto Rico/8/34 (PR8) viruses. At 37°C, the level of
proteolysis induced by PR8-PA was low compared to
VIC-PA. Based on the study of chimeric PA proteins and
on the alignment of available PA sequences, cDNAs
encoding mutated VIC-PA proteins were generated. The
mutant VIC-PA proteins were characterized for both the
level of proteolysis they induced and the efficiency with
which they ensured transcription/replication of a viral-
like RNA within a polymerase complex reconstituted in
vivo from cloned cDNAs. We observed that two VIC-PA
mutants, which had a decreased ability to induce prote-
olysis as compared to the wild-type PA, were still as
active as the wild-type protein with respect to the tran-
scription/replication activity. At 33°C, the ability of
PR8-PA to induce proteolysis appeared to be severely
impaired as compared to 37°C. However, the efficiency
with which the PR8-derived polymerase complex en-
sured transcription/replication of the viral-like RNA was
similar at both temperatures. Taken together, our obser-
vations suggest that the transcription/replication activity
of the polymerase of influenza A viruses is not correlated
with the level of proteolysis induced by the PA subunit.
RESULTS
The level of proteolytic activity associated with PA is
variable depending on its origin
Comparison of the level of proteolysis induced by PA
proteins from several different influenza A viruses was
performed by measuring the level of b-galactosidase in
ells cotransfected with a reporter plasmid pRSV-GAL
xpressing b-galactosidase and a pHMG-PA plasmid
which directed the expression of PA, as compared to the
level of b-galactosidase in cells cotransfected with
pRSV-GAL and an empty pHMG plasmid. We tested in
parallel plasmids that expressed the PA protein from twoinfluenza virus strains of human origin, A/PR/8/34 (PR8)
and A/Victoria/3/75 (VIC), and three strains of avian ori-
gin: A/Mallard/NY/6750/78 (MAL) and A/FPV/Rostock/34
(FPV), which were isolated from birds, and A/Hong Kong/
156/97 (HK), which was isolated from the first human
case of influenza H5N1 infection in Hong Kong in 1997
(Claas et al., 1998; Subbarao et al., 1998). The levels of
proteolytic activity were found to be variable depending
on the origin of PA. The VIC-, MAL-, and FPV-PA proteins
repeatedly induced higher levels of b-galactosidase pro-
eolysis than PR8-PA (P , 0.01 in the Student’s t test) and
han HK-PA (P , 0.05 in the Student’s t test), whether they
ere expressed in the mammalian COS-1 cells or in the
vian QT6 cells (Fig. 1). To determine whether these
ariations were related to differences in the efficiency of
rotein expression, the steady-state levels of the various
A proteins were examined in both cell types by Western
lot analysis of transfected cell extracts. Polyclonal an-
ibodies directed against the 247 N-terminal amino acids
omain of VIC-PA were used, which allowed the detec-
ion of full-length PA proteins but also of any degraded
A protein retaining the first 247 N-terminal amino acids,
hich could be sufficient to bring about the induction of
roteolysis as shown by Sanz-Ezquerro et al. (1996).
owever, no specific bands corresponding to products
f PA degradation were detected, either using an 8%
olyacrylamide gel (Fig. 1) or a 14% gel (data not shown)
or the analysis of polypeptides with molecular weights
s low as 30 or 5 kDa, respectively. Thus, it seemed
nlikely that a major PA degradation product accounted
or b-galactosidase proteolysis in our experiments. In
COS-1 as well as in QT6 cells, the steady-state levels of
full-length VIC-, MAL-, and FPV-PA were lower than those
of PR8- and HK-PA, although VIC-, MAL-, and FPV-PA
were associated with the highest levels of proteolysis
(Fig. 1). These observations were in agreement with the
fact that the PA protein itself has been shown to be a
substrate for the proteolytic activity induced by its own
expression (Sanz-Ezquerro et al., 1996). Noticeably, the
levels of proteolytic activity appeared globally higher in
QT6 cells than in COS-1 cells. This variation was unlikely
to be due to a variation of the efficiency of expression of
PA proteins depending on the cell line. Indeed, when
compared between COS-1 and QT6 cells, the transfec-
tion efficiency and level of expression of the GFP re-
porter gene using a pHMG-GFP plasmid were found to
be similar (data not shown). As revealed by Western blot
analysis, the steady-state levels of full-length PA protein
were consistently lower in QT6 than in COS-1 cells (Fig.
1), which most likely resulted from enhanced PA auto-
proteolysis in QT6 cells as compared to COS-1 cells.
These observations therefore suggested that either the
proteolytic activity induced by PA or the PA “proteolysis-
inducer” activity itself was higher in QT6 cells than in
COS-1 cells.
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246 NAFFAKH, MASSIN, AND VAN DER WERFEffect of VIC-PA amino acid substitutions on the
induction of proteolysis
To identify the molecular determinants responsible for
differences in the level of induced proteolysis between
VIC- and PR8-PA, we generated cDNAs encoding chi-
meric VIC/PR8-PA proteins. The VIC/370/PR8-PA protein,
for which the 370 N-terminal amino acids were derived
from VIC-PA, induced b-galactosidase proteolysis in
OS-1 or QT6 cells at levels similar to VIC-PA, whereas
IC/211/PR8-PA, for which only the 211 N-terminal amino
cids were derived from VIC-PA, induced b-galactosi-
dase proteolysis in COS-1 or QT6 cells at levels close to
PR8-PA (data not shown). These results suggested that
determinants responsible for differences in the level of
induced proteolysis were localized within the region be-
tween amino acids 211 and 370. We focused on the
region of amino acids 211 to 247, because the 247 N-
terminal amino acids of VIC-PA have been shown to be
sufficient to induce proteolysis (Sanz-Ezquerro et al.,
1996), and thus the domain between amino acids 247
and 370 was less likely to account for differences in
levels of PA-induced proteolysis.
FIG. 1. Steady-state levels of expression and levels of b-galactosidas
Extracts from COS-1 or QT6 cells transfected with the control pHMG p
prepared at 48 h posttransfection and analyzed by Western blot using a
An autoradiography scanned with a MultiImager Fluor-S optical scanne
pRSV-GAL reporter plasmid in combination with the control pHMG pla
analyzed at 48 h posttransfection by ELISA for the level of b-galactos
sample and control b-galactosidase levels expressed as a percentage
samples from one experiment representative of two independent expeBased on the alignment of available PA sequences, we
generated cDNAs encoding mutated VIC-PA proteins to
T
sidentify residues that were determinant for the induction
of proteolysis. The three residues that differ between
PR8- and VIC-PA within the region of amino acids 211 to
247 are found at position 213 (Lys in PR8-PA, Arg in
VIC-PA), 225 (Ser in PR8-PA, Cys in VIC-PA), and 241 (Tyr
in PR8-PA, Cys in VIC-PA) (Fig. 2). Residues 213 and 241
were chosen for mutagenesis because, as for VIC-PA, all
PA sequences of avian origin had an Arg and a Cys,
respectively, at these positions (Fig. 2). We therefore
hypothesized that the nature of these residues could
partially account for the fact that PA proteins derived from
VIC, as well as from the avian FPV and MAL strains
included in our study, induced proteolysis at higher lev-
els than did PR8-PA. Substitutions of amino acid 213 from
Arg to Lys or Ala, and of amino acid 241 from Cys to Tyr
or Ala, were introduced into VIC-PA. As shown in Table 1,
the VIC-PA mutants with the Arg213Lys or Arg213Ala
substitution induced b-galactosidase proteolysis at lev-
els similar to wild-type VIC-PA. In contrast, the VIC-PA
mutant with the Cys241Tyr substitution induced b-galac-
tosidase proteolysis at lower levels than VIC-PA (56 6 1%
b-galactosidase proteolyzed, as compared to 74 6 1%).
olysis corresponding to PA proteins derived from different virus strains.
or with the pHMG plasmids encoding the indicated PA proteins were
nal serum specific for PA as described under Materials and Methods.
ad) is shown. Extracts from COS-1 or QT6 cells cotransfected with the
r with the pHMG plasmids encoding the indicated PA proteins were
s described under Materials and Methods. The differences between
ontrol levels are indicated. The mean 6 SD values are from duplicate
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247INFLUENZA REPLICATION AND PA-INDUCED PROTEOLYSIS(24 6 14% b-galactosidase proteolyzed), confirming that
the nature of residue 241 was determinant for the induc-
tion of proteolysis by VIC-PA. As a reference, we ana-
lyzed two additional VIC-PA mutant proteins with a
Tyr157Glu or a Tyr162Ala substitution, recently described
by Perales et al. (2000). As reported by these authors, we
found that the Tyr157Glu mutant had a very low capacity
to induce proteolysis as compared to the wild-type (less
than 1% b-galactosidase proteolyzed), while the
Tyr162Ala mutant had an intermediate phenotype (27 6
8% b-galactosidase proteolyzed) (Table 1).
The level of accumulation of the different VIC-PA mu-
ant proteins generated in this study was compared to
hat of wild-type by Western blot analysis. Values ob-
T
Effect of VIC-PA Amino Acid Substitutions on the Steady-State Lev
VIC-PA
b-GAL proteolyzed
(%)a
PA levels
(%)b
wt 74 6 1 100
R213K 73 6 2 120 6 20
R213A 74 6 2 100 6 30
wt 74 6 1 100
C241Y 56 6 1 100 6 20
C241A 24 6 14 150 6 10
T162A 27 6 8 190 6 30
T157E ,1 170 6 20
a Extracts from COS-1 cells transfected with the pRSV-GAL reporter p
HMG-VIC-PA plasmids were analyzed at 48 h posttransfection by ELIS
he differences between sample and control b-galactosidase levels e
alues are from duplicate samples from one experiment representativ
b Extracts from COS-1 cells transfected with the plasmids encodin
analyzed by Western blot using a polyclonal serum specific for VIC-PA
by scanning the blot with a STORM820 optical scanner are from dupli
c CAT levels are expressed as the mean 6 SD values from duplicat
FIG. 2. Schematic representation of the alignment of PA sequences d
Kong/156/97 (HK), and available PA sequences for other human (HU) or
Kong/-220/97, -G23/97, -G9/97, A/Chicken/Korea/-25232/96, -38349/96
A/Quail/Hong Kong/G1/97 sequences were not included, as they were
sequences. Residues that appear characteristic of the human or avian
differ from the corresponding residue of PR8-PA are shown in open box
for a residue that is variable. Dittos were included for the purpose ofd p.t., posttransfection.
e ND, not done.ained after scanning and computer analysis are indi-
ated in Table 1 (PA levels). The mutants with the most
educed ability to induce proteolysis (i.e., the VIC-PA
roteins with Tyr157Glu, Tyr162Ala, or Cys241Ala substi-
utions) appeared to be overexpressed 1.5- to 1.9-fold as
ompared to the wild-type, in agreement with previously
ublished data (Perales et al., 2000; Sanz-Ezquerro et al.,
996).
ffect of VIC-PA amino acid substitutions on the
olymerase activity
To address the question of whether the induction of
roteolysis by PA and the replication activity of the poly-
xpression of the Protein and on the Polymerase Complex Activity
CAT levelsc
24 h p.t.d 48 h p.t.d
l % ng/ml %
ND 2003 6 305 100
ND 2274 6 56 114 6 3
ND 2380 6 171 119 6 9
8 100 2065 6 110 100
6 133 6 14 2189 6 269 106 6 13
9 133 6 25 2166 6 172 105 6 8
0.5 62 6 0.4 1647 6 66 80 6 3
0.5 9 6 0.4 1426 6 25 69 6 1
in combination with either the control pHMG plasmid or the indicated
e level of b-galactosidase, as described under Materials and Methods.
ed as a percentage of the control levels are shown. The mean 6 SD
o.
arious VIC-PA proteins were prepared at 48 h posttransfection and
ribed under Materials and Methods. The mean 6 SD values obtained
mples from one experiment representative of two.
les from one experiment representative of two.
rom the viruses A/Puerto Rico/8/34 (PR8), A/Victoria/3/75 (VIC), A/Hong
(AV) viruses (15 and 13 sequences, respectively). The A/Chicken/Hong
k/Hong Kong/-Y280/97, -Y439/97, A/Pigeon/Hong Kong/Y233/97, and
dered as possibly intermediate between pure avian and pure human
of the sequence are shown in dotted boxes. Residues of VIC-PA that
n they are not in gray boxes when they are avian-like. Letter “X” stands
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248 NAFFAKH, MASSIN, AND VAN DER WERFmerase are linked, we measured the efficiency with
which the various mutants of VIC-PA ensured transcrip-
tion/replication of a viral-like RNA by making use of a
polymerase complex reconstituted in vivo from cloned
cDNAs, as described by Pleschka et al. (1996). Subcon-
fluent monolayers of COS-1 cells were transfected as
described under Materials and Methods with plasmids
expressing the PB1, PB2, NP, and either a wild-type or
mutant PA protein derived from the VIC strain, together
with the pPolI-CAT-RT plasmid which drives the expres-
sion of a viral-like CAT reporter RNA. The activity of the
reconstituted polymerase complex was monitored by
measuring the amount of CAT in the transfected cell
extracts. By performing dose-response experiments, us-
ing up to fivefold less PB1, PB2, and NP plasmids, we
verified that in the experimental conditions of our tran-
scription/replication assay, the PB1, PB2, and NP pro-
teins were expressed in excess with respect to PA. Using
double or half the quantity of PA plasmid, we further
verified that a twofold variation of the expression levels
of any wild-type or mutant VIC-PA did not affect the
amount of CAT synthesized (data not shown). Therefore,
given the fact that expression levels of the different
VIC-PA in the transfected cells did not vary more than
twofold (Table 1), one could be confident that our exper-
imental conditions allowed for the comparison of the
VIC-PA mutants with respect to their ability to ensure
transcription/replication. In agreement with the results
from Perales et al. (2000), the VIC-PA proteins with a
Tyr157Glu or a Tyr162Ala substitution were found to en-
sure transcription/replication of the viral-like RNA less
efficiently than the wild-type protein, as revealed by the
CAT levels observed at 24 or 48 h posttransfection (Table
1). In contrast, none of the other VIC-PA mutants ap-
peared defective for transcription/replication of the viral-
like RNA (Table 1). Interestingly the Cys241Ala mutant,
which was as impaired in proteolytic activity as the
Tyr162Ala mutant, was not defective for polymerase ac-
tivity, unlike the Tyr162Ala mutant (Table 1). A possible
bias could be that the levels of replication associated
with the Cys241Ala mutant had been overestimated due
to reduced proteolysis of the CAT reporter protein. To
address this possibility, we examined in parallel the
levels of CAT protein and CAT-specific mRNA accumu-
lated in COS-1 cells expressing the viral-like RNA, the
PB1, PB2, and NP proteins, and either the wild-type or the
Cys241Tyr, Cys241Ala, Tyr162Ala, or Tyr157Glu PA pro-
teins. Polyadenylated RNAs were prepared at 24 h post-
transfection and analyzed by slot blotting and hybridiza-
tion using a negative-sense CAT specific 32P-labeled
iboprobe. Quantification of the hybridization signals in-
icated a good correlation between the levels of CAT
RNA and protein (Fig. 3A), which ensured that mea-
urement of the CAT protein levels as shown in Table 1
rovided a reliable estimate of the transcription/replica-
ion activity of the polymerase complexes, whatever the
s
aevel of proteolytic activity associated with the given PA
rotein.
ffect of low temperature on PA-induced proteolysis
nd on the activity of the polymerase complex
The levels of proteolysis associated with the PA pro-
eins included in our study were compared at 37 and
3°C, using the transfection assay described above. A
FIG. 3. Detection of CAT-specific mRNAs in the transient transcrip-
tion/replication assay. (A) COS-1 cells were transfected with a mixture
of the pPolI-CAT-RT plasmid, the pHMG-VIC-PB1, -PB2, -NP plasmids,
and either the pHMG plasmid (control) or one of the indicated pHMG-
VIC-PA plasmids. After 24 h of incubation at 37°C, poly(A)1 RNAs were
prepared and analyzed by slot blotting and hybridization with a CAT-
specific 32P-labeled riboprobe as described under Materials and Meth-
ds. The CAT-specific signals obtained by scanning the blot with a
TORM820 optical scanner are shown. The amounts of CAT mRNA
valuated by using the Image Quant software (Molecular Dynamics)
nd the corresponding amounts of CAT protein determined by ELISA
re indicated below. The amounts obtained for the mutant VIC-PA
roteins were compared to those obtained for the wild-type protein
100%). The results are expressed as percentage values. (B) COS-1
ells were transfected with a mixture of the pPolI-CAT-RT plasmid, and
ither the pHMG plasmid (control) or the pHMG-PB1, -PB2, -PA, and -NP
lasmids derived from the VIC or the PR8 virus. Transfected cells were
ncubated either at 37 or 33°C. Estimation of the amounts of CAT mRNA
nd protein in the transfected cells was performed as described in (A).
he levels of CAT mRNA or protein measured in cells incubated at
3°C were compared to those measured in cells incubated at 37°C
100%). The results are expressed as percentage values.imilar level of proteolysis was observed at both temper-
tures for the VIC-PA protein (Fig. 4A), as well as for the
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249INFLUENZA REPLICATION AND PA-INDUCED PROTEOLYSISFPV-, MAL-, and HK-PA proteins (data not shown). In
contrast, induction of proteolysis by PR8-PA was severely
reduced at 33°C as compared to 37°C (2 6 1% b-galac-
tosidase proteolyzed, compared to 52 6 3%) (Fig. 4A).
Using Western blot analysis, the steady-state levels of
expression of VIC-PA as well as PR8-PA were found to be
FIG. 4. Effect of low temperature on induction of proteolysis and
olymerase activity. (A) COS-1 cells were transfected with the pRSV-
AL reporter plasmid in combination with the empty pHMG plasmid
control), the pHMG-VIC-PA, or the pHMG-PR8-PA plasmid and incu-
ated either at 37 or 33°C. Analysis of cell extracts and determination
f the levels of proteolyzed b-galactosidase were as described in the
egend to Fig. 1. (B) COS-1 cells were transfected with a mixture of the
PolI-CAT-RT plasmid, the pHMG-PB1, -PB2, -PA, and -NP plasmids
erived from the VIC (triangles), or the PR8 (circles) virus and incubated
ither at 37°C (solid line, closed symbols) or at 33°C (dashed lines,
pen symbols). Cell extracts were analyzed at the indicated times
osttransfection by ELISA for the level of CAT.similar at 33 and 37°C (data not shown). These results
suggested that the induction of proteolysis by PR8-PAwas impaired at the low temperature, rather than its
expression or stability.
We next investigated whether the reduction of proteo-
lytic activity associated with PR8-PA at 33°C was corre-
lated with a defect in transcription/replication of a viral-
like RNA at this temperature. To this end, COS-1 cells
were transfected with the plasmids encoding either PR8-
or VIC-derived core proteins together with the pPolI-
CAT-RT plasmid and incubated either at 33 or 37°C. Cell
extracts were prepared at 6, 24, 48, and 72 h posttrans-
fection and assayed for CAT levels. At 24 h posttransfec-
tion, the synthesis of CAT appeared to be lower at 33°C
than at 37°C, and even more so with the VIC-derived,
than with the PR8-derived, proteins. However, the CAT
levels reached at 48 h posttransfection were similar at
both temperatures, with both the VIC-derived and the
PR8-derived proteins (Fig. 4B). In an independent exper-
iment, polyadenylated RNAs were prepared from trans-
fected cells at 43 h posttransfection and analyzed by slot
blot/hybridization as described above. The correspond-
ing levels of CAT protein were determined in parallel. In
cells expressing the VIC-derived proteins, the amounts
of CAT-specific mRNA and CAT protein represented
about 50% of those measured at 37°C (Fig. 3B). In cells
expressing the PR8-derived proteins, the amounts of
CAT-specific mRNAs were similar whether the cells had
been incubated at 33 or 37°C (Fig. 3B), which confirmed
that the PR8 polymerase complex ensured transcription/
replication of the viral-like reporter RNA with the same
efficiency at both temperatures.
DISCUSSION
To our knowledge, all data published so far about
PA-mediated induction of proteolysis have been obtained
using the PA protein from the human influenza A/Victoria/
3/75 (VIC) strain as a model PA, with the additional
observation by Sanz-Ezquerro et al. showing that the PA
protein of the human A/Puerto Rico/8/34 (PR8) strain is
also able to induce proteolysis (Sanz-Ezquerro et al.,
1995). In the present study, we examined in parallel the
phenotype of the PA proteins derived from VIC and PR8
together with PA proteins derived from three strains of
avian origin (FPV, MAL, and HK). Induction of proteolysis
appeared to be a general characteristic of PA proteins
from type A influenza strains, although the levels of
proteolysis associated with PA were found to be variable
depending on the strain of origin. Despite the fact that no
correlation between the level of proteolysis associated
with PA and the origin of the protein (human or avian)
could be demonstrated here, a large-scale study includ-
ing PA proteins derived from many avian and human
strains of influenza A viruses would be required to further
investigate this relationship. Indeed, it was of interest to
note that the PA proteins derived from avian viruses
exhibited the highest levels of associated proteolysis,
250 NAFFAKH, MASSIN, AND VAN DER WERFwhereas the PA proteins derived from human viruses
were found to induce either high (VIC-PA) or reduced
levels (PR8-PA) of proteolysis, and the HK-PA protein,
which was derived from a virus of avian origin isolated
from a human case, displayed an intermediate pheno-
type. A large-scale comparison of PA proteins from dif-
ferent origins would also be useful in establishing
whether the dramatic reduction of proteolysis induction
that we observed only for PR8-PA at 33°C, as compared
to 37°C, is specific to this protein or is a feature shared
with other PA proteins.
The nature of amino acid 241 was found to be essen-
tial for induction of proteolysis by VIC-PA. However, the
effect of substitutions of residue 241 varied from one PA
protein to the other, as PR8-PA mutants with a Tyr241Cys
or Tyr241Ala substitution exhibited the same phenotype
as wild-type PR8-PA (data not shown). This observation
points to the fact that the lower levels of proteolysis
associated with PR8-PA as compared to VIC-PA and the
PA proteins of avian origin (FPV- and MAL-PA) could not
be attributed solely to the nature of residue 241. More-
over, an intermediate level of proteolysis was associated
with HK-PA, whereas it does have a cysteine residue at
position 241. Taken together, these observations suggest
that the level of proteolysis associated with a given PA
protein is determined by a complex set of amino acids.
The function of PA-induced proteolysis during multipli-
cation of influenza viruses is not yet understood. We
addressed the question of a possible link between PA-
mediated induction of proteolysis and the replication
activity of the polymerase complex by measuring the
efficiency with which VIC-PA mutants that were deficient
for the induction of proteolysis-ensured transcription/
replication of a viral-like RNA within a reconstituted poly-
merase complex. As a reference, two VIC-PA mutants
recently described by Perales et al. as being impaired for
both induction of proteolysis and replication (Perales et
al., 2000) were included in this study. Using a replication
assay similar to the one used here, these authors re-
ported that the Tyr157Glu and Tyr162Ala mutants, which
were more or less impaired for induction of proteolysis,
were correlatively impaired for replication, suggesting
the existence of a functional link between both activities.
In the present study we confirmed these observations,
but additionally found that two other VIC-PA mutants
(Cys241Ala and Cys241Tyr), for which the capacity to
induce b-galactosidase proteolysis was about 75 and
35% that of wild-type, both exhibited wild-type replication
activity. Our data also provide a comparison between two
VIC-PA mutants (Cys241Ala and Tyr162Ala) which were
equally defective for proteolysis, but were as efficient or
less efficient, respectively, than the wild-type for tran-
scription/replication. Moreover, whereas the proteolytic
activity associated with PR8-PA was found to be severely
impaired at 33°C, its polymerase-related activity was not.
Taken together, the observations presented here sug-gest that the transcription/replication activity of the poly-
merase of influenza A viruses is not correlated with the
level of proteolysis induced by the PA subunit, although
the characterization of several mutants of VIC-PA that are
impaired for both the induction of proteolysis and the
replication activity of the polymerase complex (Perales et
al., 2000; Sanz-Ezquerro et al., 1995) clearly indicates that
the N-terminal domain of the protein is involved in both
activities. Analysis of the various PA mutations in the
context of an infectious virus produced by the reverse
genetics approach will probably help elucidate the role
of PA-induced proteolysis during viral multiplication.
MATERIALS AND METHODS
Plasmids
Plasmid pHMG contains a mouse hydroxymethylglu-
taryl-coenzyme A reductase (HMG) promoter and an
SV40 polyadenylation signal. It was kindly provided by J.
Pavlovic (Institut fu¨r Medizinische Virologie, Zurich, Swit-
zerland), as were the recombinant pHMG plasmids en-
coding PB1, PB2, PA, and NP proteins of influenza virus
A/PR/8/34. Plasmids pHMG-VIC-PA, pHMG-PR8-PA,
pHMG-FPV-PA, pHMG-MAL-PA, and pHMG-HK-PA, en-
coding the PA protein of influenza viruses A/Victoria/3/75
(VIC, H3N2 subtype), A/Puerto Rico/8/34 (PR8, H1N1),
A/FPV/Rostock/34 (FPV, H7N1), A/Mallard/NY/6750/78
(MAL, H2N2), and A/Hong Kong/156/97 (HK, H5N1), re-
spectively, have been described previously (Naffakh et
al., 2000). Plasmid pGEM5z-VIC-PA was obtained by
transferring the cDNA coding for the PA protein of A/Vic-
toria/3/75 from the pGEM3-VIC-PA plasmid (kindly pro-
vided by A. Portela, Instituto de Salud Carlos III, Madrid,
Spain) to the pGEM5zf1 plasmid (Promega). Plasmid
pRSV-GAL contains the Rous sarcoma virus (RSV) 59
long-terminal repeat fused to the Escherichia coli lacZ
gene. It has been obtained by replacing the SV40 pro-
moter with the RSV long terminal repeat between the
AccI and HindIII restriction sites of the pCH110 vector
(Clontech). Recombinant pHMG plasmids encoding PB1,
PB2, and NP proteins of influenza virus A/Victoria/3/75
(pHMG-VIC-PB1, -PB2, and -NP) have been described
(Naffakh et al., 2000). Plasmid pPolI-CAT-RT (Pleschka et
al., 1996), was kindly provided by P. Palese (Mount Sinaı¨
Medical Center, NY). It contains a truncated human RNA
PolI promoter, which drives the expression of an influ-
enza virus-like RNA, that consists of the CAT gene open
reading frame in negative orientation flanked by the 59
and 39 extremities of the NS segment of influenza virus
A/WSN/33. The correct 39 end is ensured by the use of
the hepatitis delta virus ribozyme sequence.
Construction of chimeric and mutant cDNAsPlasmids allowing the expression of chimeric VIC/PR8
proteins were generated by digestion of the pHMG-
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VIC/370/PR8-PA) or FspI (VIC/211/PR8-PA). The frag-
ents containing the sequences coding for the C-
erminal domain of PR8-PA were cloned into the vec-
ors containing the sequences coding for the N-termi-
al domain of VIC-PA. Mutant VIC-PA cDNAs were
enerated following an overlap extension PCR proto-
ol (Pogulis et al., 1996) using pGEM5z-VIC-PA plas-
id as a template, and as mutagenic primers, 59-
GAACCGAACGGC(G/T)(C/A)CATTGAGGGCAAGC-39
nd 59-CTTGCCCTCAATG(G/T)(C/A)GCCGTTCGGTTC-
GA-39 for the C241Y/A mutations, 59-GAACTATGCGC-
(A/G)(A/C)ACTTGCCGACCAAAGTC-39 and 59-TTG-
TCGGCAAGT(T/G)(T/C)GCGCATAGTTCCTGTG-39 for
he R213K/A mutations, 59-GAGGAAATGGCCGAAAAG-
CCGACTAC-39 and 59-GTAGTCGGCCTTTTCGGC-
ATTTCCTC-39 for the T157E mutation, and 59-
GCCGACTACGCACTTGATGAGGAAAG-39 and 59-
CTCATCAAGTGCGTAGTCGGCCTTTG-39 for the
162A mutation. The sequence of the additional prim-
rs used to generate overlapping PCR products and
ubsequently the fusion PCR products can be ob-
ained from the authors upon request. Proofreading
wo polymerase (Roche) was used for PCR amplifica-
ion, for 20 cycles, each consisting of 19 at 94°C, 19 at
0°C, and 1930 at 72°C. The fusion PCR products were
ubcloned into the pGEM5z-VIC-PA plasmid, and pos-
tive clones were sequenced using a Big Dye termina-
or sequencing kit (Perkin–Elmer) and a 377 auto-
ated sequencer (Perkin–Elmer). Clones bearing the
ite-directed mutation without additional nucleotide
hanges were selected, and the corresponding
coRV–SpeI fragments were subcloned into the EcoRV
ite of the pHMG plasmid.
ransfections and b-galactosidase or CAT assays
COS-1 cells were grown in Dulbecco’s modified Eagle
medium (DMEM) containing 10% fetal calf serum (FCS).
QT6 cells were grown in HAM-F10 medium containing
10% FCS, 1% chicken serum, and 5% tryptose phosphate.
Subconfluent cell monolayers (3 3 105 COS-1 or 7 3 105
QT6 cells in 35-mm dishes) were transfected using the
Fugene 6-mediated method (Roche). For the b-galacto-
sidase proteolysis assay, a mixture of plasmids pRSV-
GAL (1 mg) and pHMG or pHMG-PA (1 mg) was trans-
fected. For the transient replication assay, a mixture of
plasmids pHMG-PB1, -PB2, -PA, -NP (1; 1; 0.1; 4 mg), and
PolI-CAT-RT (1 mg) was transfected. Cells were incu-
ated at 37 or 33°C until harvest. At 48 h posttransfec-
ion, unless stated otherwise, cell extracts were pre-
ared in 500 ml of lysis buffer and tested for b-galacto-
sidase levels using the GAL ELISA Kit (Roche), which
allowed detection of 0.05 ng/ml b-galactosidase, or
ested for CAT levels using the CAT ELISA Kit (Roche),
hich allowed detection of 0.05 ng/ml CAT. All experi-ents were done in duplicate, using two different prep-
rations of each plasmid encoding a given PA protein.
estern blotting
For Western blot assays, total cell extracts were used.
t 48 h following transfection with 6 mg of wild-type or
mutant pHMG-PA plasmid, cells were resuspended di-
rectly in 300 ml of sample loading buffer, and Western
blotting was performed as described previously (Naffakh
et al., 2000). A rabbit antiserum directed against the
N-terminal domain of the PA protein of A/Victoria/3/75
virus was kindly provided by J. Ortin (Universidad Au-
tonoma de Madrid, Spain) and was diluted 1/1000. Fol-
lowing incubation with peroxidase-conjugated second-
ary antibodies (donkey anti-rabbit peroxidase, 1/10,000
dilution, Amersham), the specific bands were visualized
with enhanced chemiluminescence (ECL1 System, Am-
ersham) and by autoradiography. Quantification was ob-
tained by scanning the blot with a STORM820 optical
scanner (Molecular Dynamics) and by using the Image
Quant program (Molecular Dynamics).
RNA analysis
Total RNAs were prepared from COS-1 cells at 24 h or
43 h posttransfection using the Trizol reagent (Gibco-
BRL). Poly(A)1 RNAs were purified from total RNAs using
the Oligotex mRNA Kit (Qiagen). After 15 min of denatur-
ation at 65°C in 13 SSC (0.15 M NaCl, 15 mM Na3
citrate–2H2O, pH 7.0), 50% formamide, and 7% formalde-
hyde, the RNA samples were spotted onto a nylon mem-
brane (Hybond N, Amersham) and fixed by UV irradiation.
Membranes were hybridized with a CAT-specific 32P-
labeled riboprobe, washed twice in 23 SSC, 0.1% SDS at
65°C for 15 min, dried, and exposed on a STORM820
optical scanner (Molecular Dynamics). Quantification
was obtained using the Image Quant program (Molecu-
lar Dynamics).
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